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Different quantum behavior of the E; and E, spectral structures in Ge nanocrystals
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In this paper we report absorption measurements in the range 0.6—6.0 eV, performed at 77 K on Ge
nanocrystals grown by a self-organization process applied to a semiconductor. Evidence of a relevant blueshift
of E, and weakening oE; with size reduction is obtained. This behavior is interpreted in terms of quantum
confinement in connection with the different nature of the two structures.

The physics of quantum dots presents particularly interorganization process leads to a distribution of liquid Ge
esting aspects, mainly related to the strong modifications afianodropletgall the deposited Ge gives origin to quantum
the fundamental properties of the material, due to space comoty. After freezing, an additional layer of alumina can be
finement in three dimensiorisremarkable effects on the evaporated to cover and protect the distribution of nanopar-
joint density of state$ optical absorption and photolumines- ticles, so that size and shape are kept constant.
cence spectri,® nonlinear behaviot,have been either pre- The size distribution is bimoda&presenting an interesting
dicted or observed. Until now, the efforts have been concensimilarity with other techniqués’); its larger portion
trated mainly on the IlI-V and 1l-VI semiconductor quantum (=~95% in volume is characterized by a relatively low size
dots®>*7%~12the main reason is related to the fact that thedispersion(¢/R~20%, whereR is the average radilisThe
direct gap allows the observation and measurement of relkanoparticles exhibit the shape of truncated spheres and are
evant signals, with evidence of blueshift of the energy gagsingle crystals. The obtainable size range is quite wide, typi-
with size reduction. cally from ten to a few thousand A. In order to improve the

Less literature is presently available on Ge and Si quansignal-to-noise ratio in the optical measurements, the total
tum dots, except for absorption and photoluminescence meaguantity of Ge has been increased by replicating five times
surements around the band &&mr specific developments the AlLOy/Ge two-layer system; the parameter used to indi-
concerning photoluminescence in Si clustensd, finally, the cate the Ge quantity in each double layer is the so-called
theoretical work recently published by Wang and Zurlder. equivalent thickness i.e., the thickness of the semiconduc-

Here we report absorption measurements above the indier film containing the same volume of materiake Table |
rect gap of Ge; for the first time, to our knowledge, a com-for the specific characteristics of the samples
parative study is performed of the size dependence oEthe The crystalline nature of the quantum dots in the whole
andE, spectral structures in quantum dots with average disize range investigated has been verified by means of high-
ameter(d) in the range 25-130 A. Experimental evidence isresolution electron microcop§Fig. 1). Only below{d)~15
obtained of the different behavior &, with respect toE,; A does the growth process become more complex and de-
the interpretation is given in terms of the specific nature ofserve further analysis, which, however, is not the object of
the two structures. the present work.

The samples were prepared by means of evaporation- The fabrication technique by self-organization can be
condensation in UHV on suitable substrates. After evaporacompared with other procedures based on the two-
tion of a film of Al,O; (having a thickness o&50 A) on  dimensional—three-dimensional transition of an epitaxial
sapphire, Ge was deposited on top in such a way that itmismatched layer!’ from which an arraylike distribution
vapor is condensed on alumina. Essential characteristics @fin be obtained. The technique here adopted appears to open
the technique are the amorphous nature g4 its nonwet-  relevant possibilities concerning preparation of particles with
ting or partially wetting character with respect to the a rather regular shape and size which can be varied in a wide
deposit* (Ge in this case, or, also, metals previously grownrange.
and studietP*9 and the absence of strong perturbations due The absorption spectra have been collected in a tempera-
to chemical etching or mechanical distortions. During evapoiure range between 77 and 300 K, using a spectrophotometer
ration, the temperature of the substrate is kept at such a validarian Cary 5, in the energy range between 0.6 and 6.0 eV,
that nucleation of Ge takes place in the liquid phase. A selfwith a measurement accuracy better than 0.01 eV.
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TABLE I. Structural data of the samples investigatedequiva-
lent thickness of the Ge layer in Ad) andR: nanoparticles, aver-
age diameter and radius in) A

Sample t (single layey (d) (6/R~20%)
1 12 25
2 15 30
3 35 100
4 50 125

In Fig. 2 the curves showing optical absorption versus
energy in samples characterized by different valueR afe FIG. 1. High-resolution electron microscopy image of Ge
reported. It is important to clarify that the absorption plottednanocrystals, obtained with a Philips CM30 electron microscope,
in the figure is actually obtained by normalizing the recordedoperating at 300 kV.
experimental curves to the Ge volume, given in each case by
the global equivalent layéf In the inset we show the ab- transitions?° (i) calculations ofe, for diamond with exci-
sorption of bulk Ge calculated by the extendeg theory!®  tonic effect are in much better agreement with experiment;
From the inspection of Fig. 2 one can notice clear modifica-and (i) the observed polarization-dependent stress-induced
tions with size ofg; andE,. splitting of theE;-E; + A, transition in Ge and GaAs can be

E, is first considered, due to its nature as more directlyexplained only by electron-hole exchange on the exdton.
amenable to contributions of specific points in the Brillouin  In a small quantum dot the vector is not a good quantum
zone (BZ) [it originates from different portions of the BZ, number anymore, and the selection rule related to the con-
but the peak structure comes essentially from the Chadiservation of crystal momentum is broken by confinement.
Cohen special point, i.e(,%,3,3)!%29, In Fig. 3 the shift ofE,  Thus optical transitions can occur that correspond to indirect
versus size is reported, with a maximum displacement ofransitions in the bulR®? so that the notion of transition
0.14 eV in the nanocrystals having a mean diameter of aboutetween parallel bands in tHeL direction becomes mean-
25 A with respect to the sample containing the bigger paringless, and the peak in the absorption is expected to disap-
ticles ((d)~130 A). pear. The reduction of the joint density of states, in turn,

Although a blueshift of spectral structures is generallytends to wash out the excitonic effect, and to subtract further
observed in confined systems, here the interpretation is natscillator strength from th&, transition. Thus it is reason-
as simple as it is in the case of effective-mass-like criticalable that theE, transition behaves differently frof,, and
points, since the spectral strength of thetransition comes that its total oscillator strength decreases in small Ge quan-
from k points in the whole Brillouin zon&® a confinement- tum dots. These arguments are in agreement with our experi-
induced blueshift of thé&, transition can be expected, but a mental findings, as well as with the theoretical results for Si
guantitative explanation goes beyond simple effective-masguantum dots? both experimentsee Fig. 2 and the theory
models. As calculated by Wang and Zuniddor Si quantum  of Ref. 13 indicate, in fact, a transfer of oscillator strength
dots, the confinement shift of the spectral structure does ndtom lower to higher energies.
necessarily grow as Bf, but, in any case, it increases faster ~ The influence of the matrix on the optical response of the
than the electron-hole Coulomb attraction, which goes likeqguantum dots is not expected to be relevant, on the basis of
1/R,'Y so that the excitonic enhancement of absorption is

expected to be less important in the quantum dots compared 2ol y ]
to the bulk. Thus an interpretation of the behavior B ]
versus size can be given considering band-to-band transitions __60
only. The observed blueshift of tHe, transition is then in 2
line with the theoretical results of Ref. 13 for Si quantum g 50 [
dots; a quantitative interpretation requires theoretical calcu- g 40
lations accounting for confinement effects in the whole Bril-
louin zone. S 30

The different behavior oE; with respect toE, is illus- e _ 1

A < o 20

trated in Fig. 4. The area under peak versus size is reported @
for the two structures. A strong decrease is observedfor <10
when (d)~25 A, whereas one can notice that thg peak 0

grows when the average radius decreases.

In bulk Ge, theE,; spectral structure originates from tran-
sitions in a large portion of thE-L direction in the Brillouin
zone?® The parallel dispersion of conduction and valence Fig, 2. Optical absorption of Ge nanoparticles. The difference
bands gives a structure in the band-to-band absorgiea petween the absorption of samples containing the Ge nanoparticles
Ref. 19 and inset of Fig.)2and enhances also the excitonic and that of a reference sample without Ge is reported. The two main
effect. There exist several indications for the partly excitonicpeaks are th&,; andE, structures. The spectra are normalized to
nature of theE; transition: (i) the observed oscillator the Ge quantity(the jump at about 1.55 eV has an instrumental
strength is much higher than calculated for band-to-bandrigin). Inset: calculated-p absorption spectrum for bulk Ge.
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E 1 (b) obtained by subtracting the Ge backgrouasd indicated in the inset
] for sample 2. Error bars are indicated when larger than point size.
012 E . .
obtained by Aspnes and Studna by ellipsonfétand that
the general tendency of the spectral structures versustress
<0.08} . is to shift without change of the oscillator strength; in addi-
K ] tion, Ge does not wet the matrixonsequently the interac-
l-g tion is minimized and the matrix itself is amorphous, so that
0.04| %2 T the requirement of lattice matching is not as stringent as in
s the epitaxial growtH:'” Furthermore, it is worth noting that
0.00 % §4 the good agreement between our results for the biggest par-
’ . L ‘ . ticles and ellipsometry data for bulk samgfeproves that

10 20 30 40 50 60 70  dipole interactions between grains and matrix as well as
other interface effects play a minor role; in any case, they
could not explain the different behavior & andE,.

FIG. 3. (a) First derivative of the absorption spectra reported in  In conclusion, a comparative study of th® and E,
Fig. 2, in the spectral region corresponding to g peak. (b) structures versus size has been carried out in Ge quantum
Variation of the energy position of thE, peak, corresponding to dots, grown by means of a self-organization technique ap-
the zero crossing of the derivative, with respect to the bulk energylied for the first time to semiconductors. The main results
gap. (The position of theE, peak, for the biggest nanoparticles can be summarized as follow&) blueshift of E, with size
agrees, at room temperature, with data reported in Ref. 24 for bulkeduction;(ii) strong decrease &, with size reduction due
Ge) to its partly excitonic nature; angii) evidence of oscillator
trength transfer towards,, in agreement with the predic-
on of Wang and Zunger for Si quantum dots.
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the following considerations. Concerning possible effects of.

) ' [
stress on the optical spectra, we underline that the room-
temperature energy position of the peaks for the biggest par- The authors wish to acknowledge useful discussions with
ticles is coincident within a few 1% eV with the e, data M. Cardona and P. G. Merli.

L. Banyai and S. W. KochSemiconductor Quantum Dofé/orld L. Ramaniah and S. Nair, Phys. Rev.4B, 7132(1993.

Scientific, Singapore, 1993and references therein. 12 Norris et al, Phys. Rev. Lett72, 2612(1994.
2R. Cingolani and R. Rinaldi, Riv. Nuovo Cimengn(1993. 13L. W. Wang and A. Zunger, Phys. Rev. Let3, 1039(1994); J.
SA. I. Ekimov et al, J. Opt. Soc. Am. BLO, 100(1993. Chem. Phys100 2394(1994).
4Y. Wang and N. Herron, Phys. Rev. &, 7253(1990. 1N. I. Gladkikh et al,, Izv. Acad. Nauk SSSR MeB, 196 (1982
5K. A. Littau et al, J. Phys. Chemd7, 1224(1993. [Russ. Metall5, 159(1982]; N. Eustathopoulos, Int. Met. Rev.
Y. Maeda, Phys. Rev. B1, 1658(1995; M. Fujii, S. Hayashi, 28, 189(1983.

and K. Yamamoto, J. Appl. Phy80, 687 (1991). 15A. Stella, A. Migliori, P. Cheyssac, and R. Kofman, Europhys.
7J.Y. Marzinet al, Phys. Rev. Lett73, 716 (1994; D. Leonard, Lett. 26, 265 (1994).

K. Pond, and P. M. Petroff, Phys. Rev.3®, 11 687(1994. 18R, Kofmanet al, Surf. Sci.303 231(1994; P. Cheyssaet al.,

8Y. Kanemitsu, T. Ogawa, K. Shiraishi, and K. Takeda, Phys. Rev. Superlatt. Microstructl7, 47 (1995.

B 48, 4883(1993; Y. Kanemitsu, H. Uto, Y. Masumoto, and Y. 1’J. M. Moisonet al, Appl. Phys. Lett64, 196 (1994.

Maeda, Appl. Phys. Let61, 2187(1992. 18|n the calculation, one must take into account the exponential
L. Brus, Appl. Phys. A53, 465 (1991). decay of the light intensity in the absorptive Ge encased in the
10y, Kayanuma, Phys. Rev. B8, 9797(1988. matrix, as well as the multiple internal reflections. It has been



53 BRIEF REPORTS 6995
checked that both effects determine relatively small variations, 1989.
which never exceeded a few percent in our samples. 2lW. Hanke and L. J. Sham, Phys. Rev. L&8, 582 (1974.
9M. cardona and F. H. Pollak, Phys. Ra¥2, 530 (1966. 22M. Chandrasekhar and F. Pollak, Phys. Rel33 2127 (1977).
2OM. L. Cohen and J. R. Chelikowskglectronic Structure and 23T. Takagahara, Phys. Rev. &, 4569(1993.
Optical Properties of Semiconducto¢Springer-Verlag, Berlin,  2*D. E. Aspnes and A. A. Studna, Phys. Rev2B 985(1983.



